The aim of this paper was to estimate the number of premature deaths, years of potential productive life lost (YPPLL) and labour losses attributable to tobacco smoking due to premature death by gender for the Spanish population. The human capital approach was applied. Employment, gross wage and death data were obtained from the Spanish National Institute of Statistics. Relative risks of death due to cigarette smoking and former smoking were applied. The base case used an annual discount rate of 3% and an annual labour productivity growth rate of 1%. Univariate deterministic sensitivity analysis was performed on discount rates and labour productivity growth rates. Between 2002 and 2016, smoking was estimated to cause around 13,171-13,781 annual deaths in the population under 65 years of age (legal retirement age) in Spain. This increase was mostly due to female deaths. YPPLLs for females have increased over the years, while for males they have fallen markedly. Labour losses associated with smoking mortality ranged from €2269 million in 2002 to €1541 in 2016 (base year 2016). In fact, labour productivity losses have decreased over the years for men (−39.8%) but increased sharply for women (101.6%). The evolution of monetary value of lost productivity due to smoking mortality shows clearly differentiated trends by gender.
Introduction
Tobacco use imposes a very large public health burden worldwide [1] . In the European Union, it is the largest avoidable health risk and the most significant cause of premature death, accounting for over 300,000 deaths per year [2] . On average, around half of smokers die 14 years earlier than non-smokers.
Smoking is a major risk factor for at least two of the leading causes of mortality, cardiovascular diseases and cancer, and an important risk factor for many serious respiratory diseases [2] .
However, patterns differ greatly depending on gender and age. According to World Bank data, between 2005 and 2016, smoking prevalence decreased by 32% for males, whereas for females it decreased by 11% [3] . According to the National Alcohol and Drugs Survey in Spain [4] , in 2017 the highest prevalence for the previous 10 years was registered among men aged 15-34. In contrast, for women in this age group, the prevalence was the second lowest in the series. For individuals aged 35 to 64, the prevalence among men was the highest recorded since 2003, when 43.7% of men in this age group smoked tobacco daily. Regardless of sex and age, the survey showed an increase in the prevalence of daily tobacco use in 2017 compared with 2015. This increase is especially noticeable among men (increase of 4 points). Meanwhile, daily tobacco use among women aged 35 to 64 has shown a steady upward trend since 2013, reaching its highest point in the historical series in 2017 (30.5%). The percentage of women aged 35 to 64 who smoke daily exceeded the figure registered in the youngest group (15-34 years) . Furthermore, a white paper addressing smoking from a gender perspective in Spain [5] had already stated that the epidemic patterns among men and women were different and that the burden of smoking-related diseases was more evident among men because women began to smoke several decades later. However, this situation is now changing and the differences need to be thoroughly studied.
Economic data and methods play an important role in tobacco control research, from estimating the costs of tobacco-related diseases and mortality to evaluating the cost-effectiveness of tobacco control interventions, programmes and policies. Some studies have quantified the economic cost that smoking imposes on society [6] [7] [8] [9] [10] [11] . In fact, some of these papers have measured the economic impact of smoking reduction [11, 12] , or productivity losses caused by smoking [7] [8] [9] 13] or both at the same time [6, 10, 14] . All papers concluded that investment in tobacco cessation interventions have led to reductions in smoking prevalence, savings in both healthcare and productivity costs as well as reductions in a high number of related diseases in the population. Thus, the amounts reported as saved by smoking reduction interventions account for billions of EUR or $US across countries.
Healthcare costs associated with diseases are a relevant indicator for measuring the impact of the tobacco epidemic. However, these costs are neither the only nor the most significant category of costs [7] [8] [9] 13] . A report on damage caused by smoking in the EU27 found that the monetised cost of premature mortality, at standard value of statistical life (VSL) prices, amounted to 4.40% of total gross domestic product in the region. In fact, this was by far the largest component of the overall costs of smoking [15] . An alternative to the VSL approach to reveal the economic impact of smoking is the estimation of social costs associated with tobacco use [10, 13] . One of their components is the output loss associated with dying prematurely [12] . While foregone economic output is only one of the dimensions of loss due to early death, it is by no means a negligible one. Indeed, lost economic output constitutes a considerable part of the economic burden of smoking, but many studies do not include it because there is no available information [16] .
Smoking is also recognised as an important problem by the political establishment. Spain has been very active in the implementation of policies on tobacco use in public places. The Economic and Social Council of Spain, in its opinion on Act No. 28/2005, warned that public expenditure on tobacco-related costs was higher than tobacco excise duties [17] . In consequence, several laws and regulations have been passed over the last 10 years, most remarkably a total smoking ban in public places in 2010, with the aim of increasing the life expectancy and improving the quality of life of the non-smoking population. There are limited studies on morbidity and mortality and healthcare costs associated with smoking in Spain, although the scientific community acknowledge that it is the public health problem that causes the highest avoidable social costs [8, 9] . However, these studies have concentrated mainly on calculating healthcare cost and on excess sick leave among smokers, but less on estimating economic losses associated with premature deaths related to tobacco use. Moreover, most studies have calculated the economic costs from a sample of workers, not at national level, and have not considered the possibility of age and gender differences.
Smoking, as a severe socioeconomic problem, not only results in an increase in healthcare costs, but also in costs due to productivity losses. There have been some studies that have calculated the number of deaths, years of potential life lost and productivity losses for the United States [18] and for Germany [12] . However, to our knowledge, there are no studies assessing the cost of foregone economic output due to premature mortality from smoking in the Spanish population and accounting for gender and age differences. The aim of this paper was to estimate the value of foregone economic output, number of deaths and potential years of working life lost attributable to premature deaths caused by tobacco use for the Spanish population, considering the evolution of tobacco use by gender. In order to achieve this objective, a microsimulation model of labour income, supported by the theoretical approach of human capital models [19] , was developed. More precisely, the average earnings of a worker were used as a proxy for estimating labour productivity losses associated with leaving the labour market prematurely as a result of a health problem or a premature death. The hypothesis for testing this model was whether gender differences exist for the outcome measures calculated.
First, a section on methods details the human capital approach, data used and the simulation model built to calculate the main three outcome measures: number of premature deaths, years of potential productive life lost (YPPLL) and the loss of productivity attributable to tobacco use. The results section gives details on the results for each of these outcome measures. The discussion section compares the results obtained in this paper with other similar works already published. Lastly, a conclusions section provides a summary of the results obtained and suggestions for future research on this topic.
Materials and Methods

Materials
Based on the availability of data in the various databases used in this analysis, the analysis has been performed for 2002, 2006, 2010 and 2016. This period was also chosen in order to include some years before and after the last economic crisis in Spain dated around 2008 and to include normative changes related to tobacco consumption. All calculations have been carried out for the total population and according to gender in order to test the hypothesis for gender differences across the outcome measure to be calculated.
For this purpose, we used data from the structural wage survey in Spain for 2002, 2006, 2010 and 2016 [20] . The concept of salary earnings includes both cash and in-kind payments made to workers for time worked or work done, along with payment for periods of time not worked, such as holidays and public holidays. This gross salary includes the pay-as-you-go social security contributions made by employers on behalf of the worker and withheld income tax. Furthermore, future flow of production lost was adjusted by employment rate (according to gender, age and year). These employment data were obtained from the Labour Force Survey of the National Statistics Institute (INE), where the employment rate is defined as the percentage of the employed population in relation to the working-age population [21] . The employed population were individuals of working age who had worked for at least one hour during the reference week in exchange for remuneration (salary, wage, business benefit, etc.) in cash or in kind. Individuals who have jobs but have been temporarily absent due to illness, holidays, etc. are also considered part of the employed population. The employment rate was adjusted by sex and age for each year considered. Data on mortality were obtained from the INE's death statistics according to cause of death. Other data necessary for the calculation of this measure-i.e., number of deaths-were obtained from global burden of disease reports for 2005 to 2014. This source provides annual information on deaths by cause (International Classification of Diseases of the World Health Organization-10th revision) [22] . The diseases included in the analyses comprised malignant neoplasms, cardiovascular diseases and respiratory diseases, according to the evidence available [23, 24] . Appendix A, Table A1 , details the ICD-10 codes for the various diseases included [22] .
Method
The human capital (HC) approach is employed for estimating labour losses. This is the method most commonly used in the vast majority of studies on the economic cost of smoking [11] . HC theory considers that the average wage obtained by the worker is a reasonable measure of (or the monetary value of) labour productivity [19] . Therefore, this method considers that the withdrawal of an individual's labour due to premature death or permanent disability results in a loss to society of that individual's future production. It is standard practice to estimate gross earnings, which includes payroll taxes and other employer-paid benefits-i.e., the full cost of employee compensation [25] . The theoretical justification for using total employer compensation per worker as a proxy for individual productivity is marginal productivity theory, according to which employers equate the marginal cost of employee time with the expected marginal contribution to output [25, 26] . Additionally, although, ideally, such losses would be adjusted by as many variables as possible (e.g., sex, age, level of education, region, labour category, etc.), we were only able to obtain the cause of death by sex and age, as it was the case in the majority of studies applying this theory [27, 28] . Therefore, labour productivity was approximated through remuneration in the labour market, using deaths and the employment rate for each year, by sex and age.
Taking into account the theory of human capital approach, a simulation model was constructed, once the age of death of each individual and the expected salaries were known, in order to calculate the present and future rate of production loss due to a premature death caused by tobacco. Firstly, years of potential life lost (YPLL) were estimated. Then, the number of deaths in each age group was multiplied by the average of the remaining life expectancy for each age group. Thus, the number of YPLL of the premature deaths of n individuals was calculated as follows:
where j is the gender, d is the deaths at the mid-point of each age group; and L is the average of remaining life expectancy for that age group.
Secondly, YPPLL were calculated. All deaths before 65 years of age (the legal age of retirement) were considered. Then, YPPLL was calculated by multiplying the number of deaths for a given age group by the expected remaining productive life years (until retirement age) for each age group. The number of YPPLL was calculated as follows:
where d is the deaths at the mid-point of each age group; Wu is the upper limit of working age (65 years) and Wl is the age of death.
Finally, the calculated YPPLL was multiplied by sex and age-specific wages, adjusting by employment rate, between age of death and retirement age. Labour productivity losses (LP) can thus be estimated as follows:
where S is the wage adjusted by age and gender; and e is the employment rate adjusted by age and gender.
In order to conduct this analysis, the sample size was defined as the total number of deaths in the working age population by sex and cause of death for Spain, obtained from the National Statistics Institute [29] . To estimate premature deaths and YPPLL associated with tobacco consumption, we applied the attributable fraction (AF) method. The AF is the difference between overall average risk of the entire population (both exposed and unexposed) and average risk in the unexposed population, expressed as a fraction of the overall average risk. One of the most frequent interpretations of the AF is the proportion of disease risk or incidence (premature deaths in our study) that could be eliminated from the population if exposure (smoking) was eliminated. Attributable fractions were obtained from the Spanish Ministry of Health [30] . Total deaths for each underlying disease by sex and age were calculated. Deaths, YPPLL and labour productivity losses associated with tobacco use were only estimated in people over 35 years of age, as the AF was also only available for that age onward.
Therefore, for practical purposes, our analysis focused on labour productivity losses due to premature deaths attributable to tobacco use in the Spanish population aged 35 to 64 (the legal age of voluntary retirement is 65 years), by gender, in 2002, 2006, 2010 and 2016. In addition, 35 is the age threshold from which the effects of smoking on health was reflected in the data [30] . For that reason, our analysis focused on the population aged from 35 to 64.
For the baseline case, an annual discount rate of 3% and an annual labour productivity growth rate of 1% was applied to future income values obtained. A univariate deterministic sensitivity analysis was performed on two alternative discount rates (0% and 6%), as recommended in the Spanish Guidelines for Economic Evaluation [31, 32] and two new labour productivity growth rates (0% and 2%). Finally, an additional sensitivity analysis was carried in order to isolate the epidemiological effect of the economic cycle so that we could test whether the labour productivity losses associated with tobacco use would be different if economic instability had not existed over the period considered. For this purpose, we re-estimated the losses with the average employment rate for the entire period instead of applying the employment rate for each year. Monetary values were converted to constant 2016 euros (base year) applying the GDP deflator.
Results
This section presents the estimations for number of premature deaths, YPPLL, and loss of productivity attributable to tobacco for the Spanish population over 35 years of age (), by gender, for the years 2002-2006-2010-2016. Some indicators to contextualize tobacco use in Spain are shown in Appendix A, Table A2 . Table 1 shows the resulting estimations for the number of deaths associated with tobacco use in the working age population. In terms of weight, malignant neoplasms of the trachea, bronchus and lung are responsible for around 62% of all premature deaths in 2016, with respiratory diseases accounting for the smallest share of this estimation.
Deaths in the Working Age Population
In terms of the evolution during the period considered, tobacco-related deaths from malignant neoplasms and respiratory diseases have increased by 14% and 8%, between 2002 and 2016, respectively, while deaths caused by cardiovascular diseases have decreased by 11%. Overall, the number of deaths attributable to tobacco increased by 4.6% between 2002 and 2016. However, for males the number of deaths decreased by 8.5% whereas for females, deaths increased by around 99%-i.e., they virtually doubled. Hence, there are gender differences in the number of deaths, and therefore the hypothesis established is confirmed. The explanation may lie in the increase in the number of cases of the diseases included in the model for women over the years and, as noted above, in the increase in smoking prevalence among women aged 35-64. The increase in deaths among women is mainly explained by an increase in the number of cancer deaths, which rose by 1326 from 2002 to 2016. Table 2 shows results in YPPLLs for the total population and by gender. In terms of weight, malignant neoplasms of the trachea, bronchus and lung are responsible for around 36% of all YPPLLs, with respiratory diseases accounting for the smallest share. Overall, the number of YPPLLs attributable to tobacco fell by 12.3% between 2002 and 2016. This reduction is mainly explained by the reduction in cardiovascular diseases, which accounted for almost 11,400 fewer YPPLLs. However, the trend by gender is markedly different. For males, the YPPLLs have decreased by 22%, while for females it has increased by 41.9%. Hence, there are gender differences in the number of YPPLLs, and the hypothesis established is therefore also confirmed for this outcome measure. A comparison with the previous table reveals a downward trend in YPPLLs, while the trend of premature deaths has remained stable or increased slightly on average for males, but not for females, among whom YPPLLs have increased by almost 50%. This trend is explained by the fact that the average age of premature deaths in the working age population rose during the period. For instance, for the two main causes of death associated with smoking, lung cancer and acute myocardial infarction (AMI), the average age of death among men of working age increased from 55.5 years in 2002 to 57.4 years in 2016. Among women, the age rose from 51.4 to 55.9 years. In the case of the AMI, the average age of death went from 53.4 years in 2002 to 54.7 years in 2016 for men of working age and from 51.4 years to 54.0 years for women of working age. Hence, we are not seeing a decline in premature mortality; deaths are simply occurring at a later age. Table 3 shows the monetary values of estimated labour losses in constant 2016 euros. Annex B shows the same results but in nominal prices. The total labour productivity losses associated with tobacco amount to €2268.8 million, €1900.3 million, €1600.0 million and €1540.68 million for 2002, 2006, 2010 and 2016, respectively. Malignant neoplasms are the group of diseases that account for the highest proportion of labour loss associated with tobacco use, as they represent almost 55% of the total loss. Cardiovascular diseases (especially myocardial infarction and other ischaemic disease) are second, followed by respiratory diseases, accounting for 39% and 7% of the total productivity loss, respectively.
YPPLLs
Labour Losses
In general, the results indicate that labour losses associated with tobacco use have decreased from €2269 million to €1541 million during the period analysed, a reduction of 32%. Cardiovascular diseases account for the highest reduction in losses, as losses due to these diseases have decreased by €323 million, equivalent to more than 36%. Losses associated with cancers have also decreased by 30% over the last 14 years, dropping from €1229 million to €858 million.
Again, the results clearly differ by gender. Although the total reduction of labour losses is 32%, the decrease for males was almost 40%, but for females, the labour losses rose by more than 100% during the period. Nevertheless, total losses among men are still much higher than among women. The favourable trend in the case of men and the unfavourable trend in the case of women, however, makes the relative weight shift from 94.5% vs. 5.5% in 2002 to 83.8% vs. 16 .2% in 2016. There are also gender differences for labour losses, and therefore the hypothesis established is also confirmed for this outcome measure.
Appendix A, Tables A3-A5 show the results in current values for each year, without applying the deflator (A3 for the base case and both, A4 and A5, for the sensitivity analysis). Tables A6 and A7 in the supplementary material show the results obtained from the sensitivity analysis, applying an annual discount rate of 6% and an annual labour productivity growth rate of 0% (Table A6) , and an annual discount rate of 0% and annual labour productivity growth rate of 2% (Table A7 ). Both tables confirm the gender differences encountered so far. Table A8 , in the appendix, shows the results from the analysis isolating the epidemiological effect of the economic cycle, applying the average employment rate for the entire period. from the results, it is clear that, in general, if the economic cycle is isolated, for 2002 the labour productivity losses would be €2,245.66 million, 1% lower in comparison with the estimates for the base case for that year. Likewise, for 2016, the labour losses would be 0.04% lower if the economic cycle is isolated, while for 2006 and 2010 the losses would be slightly higher than in those years without isolating the economic situation (5% and 4%, for 2006 and 2010, respectively). 
Discussion
This work covers a gap in information in Spain concerning the economic impact of smoking by gender, beyond its healthcare costs. The revelation of social costs associated with smoking does not replace epidemiological, clinical and healthcare cost information. On the contrary, it complements it and sheds light on an unknown dimension (hidden social costs) that enables a deeper understanding of the effects of smoking. This information may be a useful tool for public decision-makers in the planning of their preventive strategies and policies, and it might also be incorporated into economic evaluations of treatments to encourage smoking cessation.
This study confirms the hypothesis of gender differences in number of deaths, YYPLL and labour losses, as did previously published literature for Germany [14] . Other studies have calculated these outcome measures for the United States [18] ; however, gender differences were not highlighted and evaluated specifically, as we did in this study. The two previous studies were published more than a decade ago, so new evidence, such as that produced in this paper, was needed. Other literature on economic costs and productivity losses have been found in the literature, but none of those studies calculated the impact of labour losses, using deaths averted and YPPLLs [6] [7] [8] [9] [10] [11] [12] [13] [14] . Our results show that men continue to account for the greatest burden of premature deaths, YPPLLs and labour losses associated with smoking. However, the trend observed among men is favourable, whereas the opposite is true of women. This inverse effect is in line with the prevalence trends for the two genders. As previously noted, the prevalence of smoking among women aged 35 to 64 years increased by almost 5% from 2002 to 2016, whereas for men in the same age group it decreased by 2%.
There are two additional factors that help to explain our results. The first is an increase in the average age of death among people of working age. The second factor is not so positive and shows a different trend for men and women over the period: the weight of female deaths within total smoking-related deaths in the working age population increased. The explanation may lie in the increase in the number of cases of the diseases included in the model for women over the years and, as noted above, in the increase in smoking prevalence among women aged 35-64. For example, in the case of lung cancer, the percentage of female deaths out of total deaths in 2002 was 10.4%. In 2016, it was 26.5%. In the case of the AMI, the proportion rose from 10.3% in 2002 to 14.2% in 2016. This increase in the proportion of female deaths reduces labour losses, since the employment rate and wages are lower in the case of women. The favourable trend in estimated labour losses is thus due to a positive factor (increase in the age of death) and to another factor related to the functioning of the Spanish labour market. Care should therefore be taken in interpreting the results.
The overall evolution of labour losses shows a clear downward trend, owing to the favourable trend for men, but not for women. Nevertheless, even though labour losses are declining, they still have a very significant impact from an economic point of view. The weight of labour productivity losses caused by premature deaths attributable to tobacco represented 0.24% of GDP in 2002, 0.18% in 2006, 0.15% in 2010 and 0.14% in 2016. Regarding total health spending (public and private), the weight of labour productivity losses caused by premature deaths attributable to tobacco is comparable to 2.2% of total health expenditure in 2006, 1.6% in 2010 and 1.5% in 2016 (data on total health spending not available for 2002).
Although we do not have information on labour losses caused by temporary or permanent absence due to illness, using the data on distribution of labour productivity losses estimated by Peña-Longobardo et al. (2016) [33] for major groups of diseases for Spain in 2009, a preliminary extrapolation of the impact of smoking on the loss of labour productivity can be made. The estimate indicates productivity losses (premature mortality, temporary and permanent absence due to illness) on the order of €4436. Broadly, although the figures estimated showed that smoking can have hideous consequences for the economic situation of a country, few national studies have focused on the economic impact of smoking. Other economic analysis carried out in Spain recommended increasing the market price of cigarettes, as the price is much lower than the mortality cost per pack of cigarettes. More precisely, this study showed that the private mortality cost of smoking is €78 per pack of cigarettes for men and €54 per pack for women, with a statistical life value among Spanish smokers of €3.78 million [34] . For this reason, any interventions or programmes focused on reducing tobacco use should be considered in decision-making. Hormigo et al. analysed the efficiency (in terms of both costs and benefits) of a school-based smoking prevention program in Barcelona, considering as benefits both healthcare costs and avoided productivity losses (with a focus on higher productivity and years of working life gained). The healthcare benefits per averted smoker were €1997.57, but the indirect benefits per averted smoker were €23,258, of which 91% was due to avoided productivity losses (€21,260 per person). The authors concluded that the benefits of school-based tobacco prevention programmes, in terms of healthcare costs and productivity losses avoided, are far greater than the costs and therefore recommended that such programmes should be implemented [35] .
Some limitations of this study should be noted. The AF for mortality was used as a proxy for smoking-attributable healthcare utilisation and expenditure, as no relative risk estimates for morbidity were available. Clearly, this assumption might lead to an overestimation or underestimation for morbidity AFs, depending on the disease. However, the estimate used for AF has been published by the Ministry of Health of Spain and should be based on good quality evidence and therefore be a good proxy for calculating national impacts [30] . The number of deaths was obtained from the Spanish National Institute of Statistics. There are other international public sources providing the number of deaths that could have facilitated future comparisons of the results with the results of other countries, such as the global burden of disease estimates. Different sources of information could lead to different results estimations. The authors of this paper believed that the national estimates were more reliable for making national estimations, but probably if future comparisons need to be made with other countries, other international data sources would be recommendable. Additional evidence on other smoking-related diseases could emerge, and other estimates would therefore need to be calculated to account for the new evidence. Age differences were also detected by this study, but for practical reasons-showing the results disaggregated by age would result in an unmanageable number of tables-we have not included the results in this paper. Indeed, differences observed across age ranges would not imply different policy decisions or actions.
Conclusions
As the average age of death caused by tobacco use is low (working age), smoking has a significant economic impact for society as a whole in terms of labour losses. However, this impact differs by gender (strongly concentrated in men, but the trend observed for men is favourable, whereas the opposite is identified for women). Although the anti-smoking laws previously approved [17] have helped to decrease the prevalence of male smokers, this has not occurred in the case of females, leading to a considerable increase in productivity losses associated with premature deaths. These results are aligned with previously published work for Germany [12] . These findings would imply that careful attention needs to be payed to reinforcing smoking cessation interventions among women in order to mitigate the effect that smoking seems to have had in recent years in this subgroup of the population. Primary healthcare centres should probably pay special attention to strengthening the brief advice intervention for smoking cessation in the female population. Stronger intervention measures against smoking should be taken without delay to reduce the health impact of smoking, especially in the female population. The findings of this study may help to create evidence to highlight the economic problems associated with smoking in Spain. This could encourage further stricter public policies, such as stiffer tax policy. Additionally, the results from this paper could be used in the future to study whether future public investment in smoking cessation policies will be offset by the savings produced in terms of the economic impact of tobacco on society.
Several future lines of research should be considered. Firstly, it might be advisable to extrapolate this analysis to other European countries in order to better calculate the societal costs of smoking in Europe and contribute to better estimations of the efficiency of smoking cessation interventions. In order to calculate these productivity losses and incorporate them in an economic evaluation, it is important to consider differences in impact by gender. It is not expected that these estimates will change recommendations in terms of the efficiency of the smoking cessation interventions, but they could reveal the hidden cost of smoking and potential social savings derived from primary prevention of smoking. And secondary, prevention of diseases associated with this behaviour could also help to reinforce health policy decisions to invest in public health interventions across European countries. Spain is a country where the economic impact of smoking has scarcely been quantified. Therefore, further research on economic impact, including healthcare costs and informal care costs, should be undertaken in order to complement this information. Gender differences in these different types of costs should also be explored.
Any future strategies or programmes should take into account the productivity losses associated with premature deaths (with special emphasis on female deaths) due to smoking, so that any health policy decisions can lead to an efficient allocation of resources, considering a wider perspective of the consequences of tobacco use. 
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